The self-etching primer adhesives examined in the present study were aqueous mixtures of 30wt % 2-methacryloyloxyethyl phenyl hydrogen phosphate, 35wt% 2-hydroxyethyl methacrylate, and photoinitiator. For the photoinitiator, camphorquinone (CQ) or 2-hydroxyl-3-(3,4-dimethyl-9-oxo-9H-thioxanthen-2-yloxy) -N,N,N-trimethyl-1-propanaminium chloride (QTX) was usedwhere QTX is a unique water-soluble photoinitiator. The self-etching primer adhesive was applied directly to polished bovine dentin or enamel. Tensile bond strength of flowable composite resin to bovine teeth was measured after one-day immersion in water at 37t . The addition of QTX tended to increase tensile bond strength to dentin, whereby addition of 3 wt% of QTX produced the highest mean bond strength of approximately 10 MPa. CQ, on the other hand, did not show any efficacy in improving bond strength.
INTRODUCTION
Currently, all-in-one bonding systems are in commercial use for dental composite restorations1-8) . This system is composed of two components: a self-etching primer adhesive and a composite resin.
The selfetching primer adhesive contains a reagent that removes the smear layer, and serves as primer and bonding agent too. There is no need to rinse after applying self-etching primer adhesive, and the restorative resin composite can be applied directly to the treated tooth surface in one step.
Self-etching primer adhesives are basically mixtures of acidic adhesive monomers, such as phosphoric methacrylate or carboxylic acid methacrylate, mono-and/or di-methacrylates, and polymerization initiator.
It is suggested that the monomers of selfetching primer adhesive decalcify the tooth and penetrate the decalcified tooth, especially decalcified dentin. Penetrated monomers in the dentin will subsequently polymerize to form a hybrid layer, which is a major contributor to the tight bonding between restorative composite and dentin9, 10) For most studies on the adhesion of dental resin to teeth, they have focused on the development of adhesion-promoting monomers or the improvement of pre-treatment reagents, such as self-etching primers. However, the role of polymerization initiators in bonding has been grossly overlooked. Imai et al.11 ) demonstrated that interfacial polymerization was beneficial for strong adhesion between dentin and restorative resin.
Further, Hirabayashi et al.12) and Hirabayashi13) elucidated the polymerization behavior of PMMA/MMA resin when initiated by TBB, as compared with other initiators such as camphorquinone/amine system. Camphorquinone (CQ) is widely used as a photoinitiator for dental resins. However, it is impossible for CQ to polymerize water-soluble monomers, such as 2-hydroxyethyl methacrylate in an aqueous solution, and it is doubtful if CQ can sufficiently initiate the polymerization of diffused monomers inside the dentin because of the water content of dentin and the lower partition coefficient of CQ in dentin than in resin14)
A unique water-soluble photoinitiator, 2-hydroxy-3-(3,4-dimethyl-9-oxo-9H-thioxanthen-2-yloxy) -N,N,Ntrimethyl-1-propanaminium chloride (QTX) , has been applied in the printing industry. It can polymerize water-soluble monomers in an aqueous solution by photoirradiation14,15) We previously reported on the efficacy of QTX-containing dentin primers or hydrophilic bonding agents for the adhesion of composite resin to dentin16-18) It was also reported that selfetching primers containing QTX could improve the bond strength of composite resin to dentin when used in combination with commercially available bonding agents19) . Kikutake20) developed a .one-step bonding system using QTX.
The developed self-etching primer adhesive consisted of 10-methacryloyloxydecyl dihydrogen phosphate, 2-hydroxyethyl methacrylate (HEMA) , QTX, and tertiary amineand it produced tight bonding to enamel and dentin.
To further elucidate the efficacy of QTX in an Fig. 1 . The pH value of the prepared self-etching primer adhesives was approximately 0.7, as determined using a pH meter (M-220, Corning, NY, USA) . Fig. 2 illustrates schematically the specimens for tensile bond strength measurement. After extraction from mandibles, bovine anterior teeth were stored at -70°C to maintain freshness during storage.
Adhesion test
A flat enamel or dentin surface on the labial side was prepared by wet grinding using # 800-and # 1000-grit stones.
The exposed enamel or dentin surface was then treated with one of the self-etching primer adhesives. After 30 seconds, excess agent was removed using compressed air. A silicone ring of 3.2 mm diameter X 2.0 mm height was placed on the treated enamel or dentin surface to simulate a cavity.
The ring was then directly filled with flowable lowviscosity composite resin (Clearfil PL-F, Batch No. 0007, Kuraray Medical Inc., Tokyo, Japan) . The filled composite was polymerized by photoirradiation for 40 seconds with a photocuring unit (XL-3000, 3M Dental Products, St. Paul, MN, USA) . After curing, the silicone ring was removed and each specimen was stored in water at 37°C for 24 hours.
A brass attachment was fixed to the upper part of the cured resin, and tensile bond strength was measured using a universal testing machine (TCM-500CR, Shinkoh, Tokyo, Japan) at a cross-head speed of 2 mm/min.
Ten specimens were measured for each test condition.
Significant differences in measurementbetween CQ and QTX, and between enamel and dentin -were determined by two-way analysis of variance (ANOVA) , and Bartlett's test for equality of variances was performed.
If equality of variances (f) were present, significant differences in measurement would be determined by Schef f e's test for multiple comparisons among the means at p=0.05.
If equality of variances were not present, significant differences in measurement would be determined by Games-Howell test for multiple comparisons among the means at p=0.05.
SEM observation Dentin and enamel treated
with 3QTX/30P selfetching primer adhesive were observed using scanning electron microscopy (SEM, T-200, JEOL, Tokyo, Japan) . The following specimens were examined: (1) bovine dentin and enamel surface treated with 3QTX/30P self-etching primer adhesive, and (2) resin/dentin interface after treatment with 3QTX/ 30P self-etching primer adhesive and after bonding with resin composite.
For (1) , polished flat bovine dentin and enamel were prepared as described above.
The dentin or enamel surfaces were treated with 3QTX/30P selfetching primer adhesive for 30 seconds. Samples were then dehydrated through a graded series of ethanol, dried using critical drying apparatus, ion-coated with gold, and observed under SEM.
For (2) , after treatment with 3QTX/30P selfetching primer adhesive for 30 seconds, a dentin specimen bonded with resin composite was prepared in the same manner as for the tensile test.
The bonded specimen was cut vertically to obtain crosssectional samples of the resin/dentin interface. Cross-sectional samples were polished with # 1000-grit stone, as well as with special soft polishing discs using diamond suspensions of 6um, 3um, 1um, and 0.25um grit size (Struers, Copenhagen, Denmark) . The samples were ultrasonically cleaned for three minutes to remove all remnants of the polishing debris and paste. Then, they were immersed in 6 mol/ L HC1 for 30 seconds to dissolve the mineral components of dentin, followed by another 60 minutes in 1% NaOC1 to remove both collagenous material and low resin-content components in the hybrid layer. Samples were ion-coated with gold and observed using SEM.
RESULTS
Tensile bond strength results of resin composite to dentin and enamel are shown in Table 2 . Two-way ANOVA showed significant differences in bond strength between the different photoinitiators, CQ and QTX (p< 0.05, F:6.036) , and between the different adherends, dentin and enamel (p < 0.05, F:11.888) . Two-way interaction was identified for the different photoinitiators and adherends (p < 0.05, F:1.926) . Dentin data were analyzed by Games-Howell test. 30P self-etching primer adhesive, which contained no photoinitiator, produced a bond strength of approximately 4 MPa to dentin.
Addition of CQ into 30P did not significantly increase the bond strength of composite resin to dentin, whereas the addition of QTX tended to do so. 3QTX/30P self-etching primer adhesive produced the highest mean bond strength of approximately 10 MPa to dentin, and showed a significant increase in bond strength compared with 30P, 0.5CQ/30P, 1CQ/30P, and 3CQ/30P (p < 0.05) . There were no significant differences in tensile bond strength to dentin among 0.5QTX/30P, 1QTX/30P, 3QTX/30P, and 5QTX/30P specimens, but tensile bond strength obtained by 5QTX/30P was significantly higher than that of 30P (p<0.05) . Macroscopic inspection of debonded specimens revealed that failure was a mixture of both adhesive failure at resin/dentin interface and cohesive failure inside the resin of 3QTX/30P-and 5QTX/30P-primed specimens. The other specimens exhibited only a resin/ dentin adhesive failure macroscopically.
Enamel data were analyzed by Scheffe's test. Each self-etching primer adhesive produced a bond strength of approximately 9-14 MPa, and there were no significant differences in bond strength to enamel among the self-etching primer adhesives (p>0.05) . Table 2 Tensile bond strength of resin composite to bovine dentin and enamel treated with different self-etching primer adhesives (mean ± SD, MPa) A hybrid layer is observed at the resin/dentin interface (R: resin, D: dentin, H: hybrid layer) .
Macroscopic observation of debonded specimens showed a mainly cohesive failure inside the resin.
As for tensile bond strength comparison between dentin and enamel, only 3QTX/30P self-etching primer adhesive showed no significant differences in bond strength between dentin and enamel (p>0.0). Fig. 3 shows the SEM photographs of dentin and enamel surfaces treated with 3QTX/30P self-etching adhesive for 30 seconds.
Indeed, the dissolution of smear layer and opening of dentinal tubules were observed.
The enamel prism cores were preferentially dissolved, and the pattern was similar to Type I etching pattern22). Fig. 4 shows the SEM image of the interface between resin and dentin, with a hybrid layer (H) observed at the interface.
Immersion of the adhesive samples in both HCI and NaOCI dissolved not only some dentin (D) but also collagenous material and low resin-content components in the hybrid layer. Thickness of the hybrid layer was approximately 1-1.5um.
Dentin resin tags were also observed.
DISCUSSION
This study demonstrated that self-etching primer adhesive containing QTX was effective in adhering composite resin to bovine dentin and enamel in an all-inone bonding system. QTX is a unique photoinitiator which can polymerize water-soluble monomers in water14, 15) The tight adhesion of dental resin to dentin was achieved by the formation of a hybrid layer9,10,23,24) In this study, the resin/dentin interface was observed by SEM to confirm the presence of a hybrid layer, which was formed by monomers penetrating the dentin followed by polymerization.
The self-etching primer adhesive consisted of Phenyl-P and HEMA. Phenyl-P is known as an adhesive monomer and is reportedly an effective component of self-etching primers in the adhesion of resin composite to dentin and enamel19, 21, 25, 26) . HEMA is used as a dentin primer component, and it was reported that HEMA enhanced the permeability of dentinal substrates27,28). Previous study revealed that a self-etching primer which composed of 30wt% Phenyl-P and 35wt% HEMA produced tight adhesion between composite resin and bovine tooth19). Thus, in the present study, all self-etching primer adhesives were prepared using 30wt% Phenyl-P and 35wt% HEMA.
Phenyl-P in our prepared self-etching primer adhesives partially dissolved the mineral phase of the smear layer and infiltrated the dentin with HEMA. Diffused Phenyl-P and HEMA inside the dentin or at the interface between dentin and resin were polymerized by QTX, resulting in tight adhesion of resin composite to dentin. In clinical applications, the bonding durability of self-etching primer adhesives is very important. In this study, the self-etching primer adhesive contained water and water-soluble monomer.
It was presumed that the degradation of or water adsorption in bonding layer in oral conditions would reduce the bond strength of composite resin to dentin. However, the bonding layerwhich corresponded with the hybrid layerwas very thin (Fig. 4) . In this light, severe decrease of bond strength would not be expected to happen. Nevertheless, further studies of bonding durability using thermal cycle tests should be conducted to thoroughly assess the usefulness of this original self-etching primer adhesive.
Self-etching primer adhesive that contained CQ could not produce any cross-sectional specimen. Bonded resin was detached from dentin because of low bond strength.
It was thus suggested that due to the presence of water, CQ could neither polymerize the monomers inside dentin nor at the interface between dentin and resin.
For enamel adhesion, the enamel surface is usually etched with phosphoric acid in resin restorative systems.
The formation of mechanical retention by cured resin on the etched enamel is a major contributing factor to the adhesion of resin composite to enamel29,30) When treated with the original selfetching primer adhesive, the enamel surface was roughened due to selective dissolution of prism cores or peripheries, creating micropores which resin could penetrate.
It was presumed that the micromechanical retention of resin tags greatly contributed to enamel adhesion in this study.
Therefore, the differences between CQ and QTX did not influence the bond strength of resin composite to enamel because of lower water content at the interface between resin and enamel, compared to dentin.
This original self-etching primer adhesive did not contain tertiary amine as a reducing agent. This was done so that we could focus on investigating the differences QTX and CQ in the present study. Kikutake20) found that ethyl p-(N,N-dimethylamino) benzoate was effective as a tertiary amine when used in combination with QTX. Thus, in this study, it was suggested that the photopolymerization capability of self-etching primer adhesive could have been enhanced by tertiary amine present in flowable PL-F resin. As a subject for our next study, we would investigate how the addition of tertiary amine to this self-etching primer adhesive may improve the adhesion of composite resin to teeth.
In this study, both the dentin and enamel surfaces were polished with # 1,000-grit stones.
Different polishing or grinding techniques, such as diamond bur, will affect the thickness of the smear layer31) .
As such, the influence of polishing or grinding technique on the effectiveness of self-etching primer adhesive should be further investigated in another study. Bovine teeth were used as a substitute for human teeth because of their morphological similarities.
However, the results obtained using bovine teeth cannot always be extrapolated to human teeth. Sirirungrojying et al.32) evaluated the bonding durability of orthodontic brackets bonded to human enamel.
As such, the bonding effectiveness of selfetching primer adhesive to human dentin or enamel should also be further examined.
In the present study, flowable composite resin PL-F was used.
A popular application of flowable composite resins is to be used as liners in difficult-toaccess areassuch as proximal boxes of Class II preparations, and small Class III and Class V restorations33) .
Estafan et a1.34) reported that when flowable composite resin was used for Class V restorations in human teeth, microleakage was significantly reduced in both enamel and cementum/dentin margins.
The present study suggested that our original self-etching primer adhesive which composed of Phenyl-P, HEMA, and QTX was useful for bonding flowable composite resin to tooth. On this note, its usefulness to highly filled restorative composite resin should be further studied.
In conclusion, QTX was effective in improving the bond strength of composite resin to dentin as a photoinitiator of self-etching primer adhesive in an all-in-one bonding system. This original self-etching primer adhesive, 3QTX/30P, seemed to be a promising material for composite resin restorations in dental clinics.
